Type 2 diabetes (T2D) mellitus is a metabolic disorder characterized by chronic hyperglycemia and insulin resistance. It has been a worldwide public health problem, which is increasing rapidly, especially in developing countries such as China. The ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) gene, also known as plasma cell membrane glycoprotein 1, has been reported by genetic association studies as being associated with T2D and obesity in various populations, such as Caucasian and African American. However, there are also some controversial results in Asian populations. Our study tried to examine the associations between ENPP1 and T2D and obesity. Rs1044498 (K121Q) and rs7754561 were genotyped in 1912 patients and 2041 control subjects through TaqMan technology on the ABI7900 system. They showed no statistical association with T2D, obesity or any metabolic quantitative traits. Our meta-analysis result was consistent with it. Our study did not replicate the positive association found previously and suggested that K121Q of ENPP1 might not have a major role in the susceptibility to T2D or obesity in the Chinese Han population.
INTRODUCTION
Diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia with disturbances of carbohydrate, fat and protein metabolism. World Health Organization estimates that more than 180 million people worldwide have diabetes and the number is likely to double by 2030. Meanwhile, the problem is considered to be much worse and more widespread in developing countries such as China. Of diabetic cases, 90% are type 2 diabetes (T2D) characterized by hyperglycemia due to a defect in insulin secretion or insulin resistance. The role of genetic factors of the illness has been consistently supported by population, family and twin studies. [1] [2] Genetic and genome-wide association studies in recent decades have identified many different candidate genes that are related to susceptibility in various populations. [3] [4] [5] The ectonucleotide pyrophosphatase/phosphodiesterase 1 (ENPP1) gene, also known as plasma cell membrane glycoprotein 1, localizes on chromosome 6q23.2, a region that has been reported to be being linked to obesity, 6 serum insulin levels 7 and T2D 8, 9 in different populations. ENPP1 encodes for a type II transmembrane glycoprotein that inhibits insulin receptor (IR) tyrosine kinase activity 10 and subsequent insulin signaling by a likely direct interaction with the a-subunit of IR. 11 The ENPP1 gene is upregulated in peripheral insulin target tissues, such as fibroblasts, muscle and adipose tissue, in insulin resistance subjects. [12] [13] [14] The overexpression of ENPP1 increases insulin resistance in mammals. 15 Allowing for insulin resistance is the earliest detectable defect in prediabetic individuals and a major feature of T2D; 16 ENPP1 is considered as a candidate gene for the etiological and pharmacological study of T2D.
A number of studies investigating the effects of ENPP1 on insulin resistance and pathogenesis of T2D, obesity and other metabolic syndromes have focused on the association with genetic variants. Pizzuti et al. 17 first reported the strong association between a nonsynonymous single-nucleotide polymorphism (SNP) K121Q (rs1044498) on exon4 of ENPP1 and insulin resistance. A subsequent cellular transfection experiment showed that the Q allele was several fold more effective than the K allele in reducing insulin stimulation of IR autophosphorylation, IR substrate-1 phosphorylation, phosphatidylinositol 3-kinase activity, glycogen synthesis and cell proliferation. 18 During the last decade, genetic association studies have found a positive association between K121Q and T2D in Caucasians and Indians, [19] [20] [21] Tunisians, 22, 23 African Americans 24 and Dominicans. 25 The Q allele was also observed to increase the risk of obesity in the Caucasian population. 26 However, contrary results were also reported between K121Q and T2D in the Asian and Caucasian population. [27] [28] [29] [30] [31] [32] [33] In addition, recent genome-wide association studies have revealed a series of predisposing SNPs of T2D, which are mostly related to insulin secretion rather than to insulin resistance, 34 in large-scale samples and gene pool, but no evidence of association, except one, 21 between ENPP1 and T2D has been reported. [3] [4] [5] In our study, we examined two representative SNPs of ENPP1, rs1044498 (K121Q) and rs7754561, and investigated the possible association between them and T2D and obesity in a Chinese case-control population, which had been the largest sample investigated in China so far. We also conducted a meta-analysis to provide a quantitative assessment of the collective evidence on the relationship between T2D (covering a total of 30,120 individuals) and ENPP1 variations.
MATERIALS AND METHODS

Population and DNA preparation
For the case-control investigation, 1912 unrelated T2D patients (785 male and 1127 female with a mean age of 63.8 ± 9.0 years; HbA1c, 7.4 ± 1.6%; fasting plasma glucose (FPG), 7.9±2.9 mmol l À1 ; BMI, 25.2±3.4 kg m À2 ; waist-hip ratio, 0.89±0.06, Table 1 ) were recruited from Shanghai, China. All patients were defined according to the World Health Organization criteria. Control subjects were enrolled from the same geographical region, with FPG concentration o6.1 mmol l À1 (635 male and 1406 female, with a mean age of 58.0±9.0 years; HbA1c, 5.8±0.6%; FPG, 4.9±0.7 mmol l À1 ; BMI, 24.6 ± 3.2 kg m À2 ; waist-hip ratio, 0.86 ± 0.06, Table 1 ). Obesity and nonobesity were defined as BMIX28 kg m À2 and BMI o28 kg m À2 , respectively, according to the Chinese criteria. 35 A standard written informed consent, reviewed and approved by the Shanghai Ethical Committee of Human Genetic Resources, was obtained from all participating subjects who were provided with complete information about the study. High-molecular-weight genomic DNA was prepared from venous blood using the QuickGene 610 l Automatic DNA/RNA Extraction System (Fijifilm, Tokyo, Japan).
Genotyping
Rs1044498 and rs7754561 were genotyped through TaqMan technology on an ABI7900 system (Applied Biosystems, Foster City, CA, USA). All probes and primers were designed by the Assay-by-Design or Assay-on-Demand service of Applied Biosystems. Standard PCR of 5 ml was performed using TaqMan Universal PCR Master Mix reagent kits under the provided guidelines. Genotype data were obtained from more than 98% for rs1044498 and from more than 91% for rs7754561 of the DNA samples. The duplicate quality control samples (32 samples) were included and genotyped with 100% concordance.
Statistical analysis
The association analysis was assessed by logistic regression. All analyzing procedures were adjusted by sex, age and BMI. Homozygotes (1/1) for the additive model, heterozygotes (1/0) for the risk allele and homozygotes for the non-risk allele (0/0) were encoded to an ordered categorical variable for genotype (2, 1 and 0). The dominant model was defined as 1/1+1/0 versus 0/0 and the recessive model as 1/1 versus 1/0+0/0. Hardy-Weinberg equilibrium testing and allele, genotype and haplotype frequency analysis were carried out online on a robust and user-friendly software platform (http:// analysis.bio-x.cn/) 36 developed by our lab. It was used to estimate LD and to compare the discrepancies of allele, genotype and haplotype frequencies on each locus between cases and controls using a w 2 -test and odds ratio test. The difference in quantitative traits in the control group, including BMI, FPG , triglycerides, HbA1c and waist-to-hip ratio was analyzed using a general linear model, with BMI, FPG, triglycerides, HbA1c and waist-to-hip ratio as dependent variables, genotype as the independent variable and sex and age as covariates. Statistical analyses were performed using the SPSS (SPSS, Chicago, IL, USA) program.
Power calculations were performed using the G*Power program. 37 All P-values reported were two-tailed. Statistical significance was defined at Po0.05.
In the meta-analysis, Cochran's w 2 -based Q-statistic test was performed to assess heterogeneity in all studies included. The random effects model, which yielded wider confidence intervals, was adopted when heterogeneity existed; otherwise both the fixed and random effects models were deemed appropriate. Combined ORs were calculated using the Mantel-Haenszel (fixed effects) and DerSimonian and Laird (random effects) methods and 95% confidence intervals were constructed using Woolf's method. The significance P-value of overall ORs was determined using the Z-test. All calculations for the metaanalysis were carried out on Comprehensive Meta-Analysis software (Version 2.0, BIOSTAT, Englewood, NJ, USA).
RESULTS
Genotypic distributions of the two SNPs in cases and controls were in
Hardy-Weinberg equilibrium (P40.05). In power calculations we found that the sample size had 497% power for rs1044498 and 499% for rs7754561 to detect a relatively weak gene effect (OR¼1.2) with ap0.05.
However, we found no significant difference in allele or genotype frequencies between the total 1912 T2D patients and 2041 normal controls at either rs1044498 or rs7754561 under additive, dominant and recessive models before and after adjusting for sex and age ( Table 2) .
The estimation of linkage disequilibrium showed that rs1044498 and rs7754561 were not in strong LD with the standardized D¢¼0.782 and r 2 ¼0.049. We further analyzed the frequencies of the haplotypes of the two SNPs above the common lowest frequency threshold (at least 3% frequency in both case and control groups) and still no significant association was found (Table 3) .
Allowing for the important role of the ENPP1 gene in insulin resistance and the association widely reported with obesity and metabolic syndromes, we performed the same logistic regression model analysis for obesity and non-obesity (Table 4) in controls, and specifically examined the relationship between two SNPs and BMI, FPG, triglycerides, HbA1c, waist-to-hip ratio in the control group by general linear model analysis (Table 5) . We found a marginal significance of allele association between rs7754561 and obesity (P¼0.045), although it was eliminated after correction for multiple testing. It reported a significant tendency, whereas it was likely to be a statistical false-positive result. In addition, further genotype analysis suggested no significant associations with obesity in additive, dominant and recessive models after adjusting by sex and age. Further, no significant associations between polymorphisms of ENPP1 and metabolic quantitative traits were observed after adjusting by sex and age. Furthermore, we conducted a meta-analysis consisting of all available published studies (before Oct 2009) and our present data to attain sufficient power to quantitatively assess the collective evidence on the associations of ENPP1 variants with T2D. The analysis was adjusted for age and gender. We found no heterogeneity of ORs across these studies (P¼0.098). Overall, the pooled OR for T2D was not statistically significant for the risk alleles of K121Q of the ENPP1 gene (pooled OR¼1.068, P¼0.064) as shown in Figure 1 . In addition, we also conducted a meta-analysis in the set of Asian populations, including Chinese, Japanese and Korean. There was no heterogeneity (P¼0.716). The pooled ORs and P-value of Asians showed no association between K121Q and T2D (pooled OR¼1.085, P¼0.100) as shown in Figure 2 .
DISCUSSION
Diabetes mellitus has reached epidemic proportions and affects more than 180 million individuals worldwide. Global estimates for the year 2010 predict a further growth of almost 50%, with the greatest increases in the developing countries of Africa, Asia and South America. 38 The problem is becoming serious, especially in China, a country with a population of 1.3 billion. The number of T2D patients is going to be extremely huge in a coming-of-age society. According to the World Health Organization criteria, diabetes mellitus is a metabolic disorder characterized by chronic hyperglycemia, with disturbances of carbohydrate, fat and protein metabolism. This clinical phenomenon is likely to be partially attributable to impaired insulin secretion and insulin resistance in which some key genes have important roles. Over the past decade, genetic and gnome-wide association studies on TCF7L2, SLC30A8, HHEX, FTO, PPARG, KCNJ11 and ENPP1 have suggested a possible relationship between allele and genotype frequencies and pathogenesis of T2D.
The ENPP1 gene, also known as plasma cell membrane glycoprotein 1, encodes for a type II transmembrane glycoprotein, which inhibits the IR and subsequent insulin signaling. When overexpressed in peripheral insulin target tissues, it is involved in human insulin resistance. The molecular mechanism responsible for the phenomenon was first reported to be associated with a non-synonymous SNP K121Q17, which enabled the Q allele for a 'gain-of-function' effect several fold more effective than the K allele in reducing insulin stimulation of IR autophosphorylation, IR substrate-1 phosphorylation, phosphatidylinositol 3-kinase activity, glycogen synthesis and cell proliferation. 18 Further, genetic association analyses have supported and suggested that polymorphisms of ENPP1 are associated with the risk of T2D, obesity and a series of metabolic syndromes.
However, we failed to replicate a positive association between rs1044498, rs7754561 and T2D or obesity (except a marginal allele significance for rs7754561 without multiple correction) in the Chinese Han population. The positive associations were often reported from White 19, 39, 40 and African 24 populations; however, conversely, negative results were found recently in Moroccan, 41 Chinese, 28 Japanese, 29 and Korean 32 populations, as indicated in Figure 2 . Indeed, population heterogeneity should be considered, especially for a complex metabolic disease. Moreover, unlike a single gene disease, T2D and obesity should be attributable to multifactorial pathogenesis caused by alterations in many gene products. Our study suggested that K121Q of ENPP1 might not have a major role in susceptibility to T2D or obesity, but we cannot completely rule out the possible effects of ENPP1. ENPP1 may function through other polymorphisms among the Chinese. On the other hand, association studies are mainly concerned with the minor effect of genes or genotypes; hence samples have to be large enough and have sufficient statistical power to deliver satisfactory results. Previous studies with positive results have been based on several relatively small samples; hence further studies should have larger and ethnos-concerned samples. Our investigation on ENPP1 constitutes the largest sample to date relating to T2D and obesity in the Chinese population.
In addition, we examined the relationship of two SNPs and BMI, FPG, triglycerides, HbA1c and waist-to-hip ratio in the control group by general linear model analysis, considering that the physiological conditions of patients might be altered by medicines and treatments. None of them showed significant association with all these metabolic quantitative traits. One limitation of our study is that the two tagged SNPs we selected could not cover the whole region of the ENPP1 gene, which is approximately 87 kb. Another limitation is that we did not obtain accurate HOMA-IR data, for ENPP1 is reported as being related to insulin resistance and the effect is probably reflected by HOMA-IR. 15 The relationship with SNPs was still undetermined. In conclusion, our case-control investigation in the Chinese Han population and comprehensive meta-analysis did not support a positive association between the two SNPs rs1044498 and rs7754561 of ENPP1 and T2D or obesity. We expect that it may function as a reference point for further investigations on the effects of ENPP1 on T2D and obesity in various ethnic populations. ENPP1 K121Q not associated with type 2 diabetes T Zhao et al
